Introduction {#Sec1}
============

The adsorption and micelle formation of surfactants in the presence of inorganic salts have been studied from the viewpoint of additive effect of salts \[[@CR1]--[@CR5]\]. Enhanced adsorption and critical micelle concentration (CMC) lowering with added salts were observed for ionic surfactants. Tajima measured the adsorbed amounts of sodium dodecyl sulfate (SDS) in the presence of sodium chloride (NaCl) by a direct radiotracer method and also evaluated the surface excesses of ions by an application of the Gibbs adsorption equation to the surface tension of aqueous NaCl solutions of SDS \[[@CR6]\]. He found almost zero or slightly negative adsorption of counterions at the molarities of NaCl below 10 mM. Ozeki et al. evaluated the Gibbs surface excesses of surfactant ions, counterions, and coions from the surface tension of aqueous NaCl solutions of dodecyldimethylammonium chloride. They obtained small negative adsorption of counterions at low NaCl concentrations and a positive one at NaCl concentrations higher than 0.5 M \[[@CR4], [@CR7]\]. In the above two studies, surface excesses of ions were evaluated from the dependence of surface tension on the respective concentrations of salt and surfactant.

However, thermodynamic treatment of surfactant mixture has been applied to mixtures of inorganic salt and surfactant in our previous studies \[[@CR8]--[@CR10]\]. We have measured the surface tension of aqueous solutions of a salt--surfactant mixture as a function of the total concentration and composition of the mixture instead of measuring it as a function of the respective concentrations of salt and surfactant. We then evaluated the composition of adsorbed film from the surface tension and obtained phase diagram of adsorption. The phase diagram was proved to be useful in clarifying the miscibility of inorganic salt and surfactant and the interaction between inorganic ions and the head group of surfactant in adsorbed films \[[@CR8]--[@CR13]\]. Furthermore, the adsorption and micelle formation have been studied separately in previous studies, even if the CMC was determined from the surface tension vs. concentration curve \[[@CR4], [@CR7], [@CR14], [@CR15]\]. On the other hand, for salt--surfactant mixtures, we have determined the composition of the adsorbed film and micelle coexisting at the CMC from the dependence of mixture CMC and surface tension at the CMC on the bulk composition. We then compared the miscibilities of salt and surfactant in the adsorbed film and micelle by using the phase diagram for adsorbed film--micelle equilibrium \[[@CR8], [@CR10]--[@CR13]\].

It was found from the phase diagrams that (1) the polar head group of nonionic-surfactant molecule attract sodium ion a little in the adsorbed film and micelle, and (2) for a sodium chloride--dodecylammonium chloride mixture, dodecylammonium ions squeeze sodium ions out of the adsorbed film and micelle due to the electrostatic repulsion between the two cations \[[@CR8]--[@CR11]\]. As well as the miscibilities of sodium chloride with nonionic and cationic surfactants, it is of interest to investigate the miscibility of NaCl with an anionic surfactant in an adsorbed film and micelle.

Moreover, in the study of foam films, added salts cause the formation of black films stabilized with surfactants due to the reduction of electrostatic repulsion between the two surfaces in a film \[[@CR16]--[@CR18]\]. To clarify the formation of black films, it is essential for us to have knowledge of the miscibility and interaction of surfactant with salt in the surface of a film-forming solution and the changes in miscibility and interaction associated with the interaction between surfaces in a black film \[[@CR17], [@CR19]--[@CR22]\].

Ionic surfactants are salted out at high salt concentrations, and hydrated crystalline particles (coagels) are formed in solutions \[[@CR5], [@CR23]\]. Nakayama and Shinoda \[[@CR24]\] and Shinoda et al. \[[@CR25]\] investigated the effect of added salts on the solubilities and Krafft points of ionic surfactants. At the points on the solubility curve above the Krafft point, singly dispersed surfactant is in equilibrium with hydrated solid surfactant and micellar surfactant. Hence, it is expected that useful information on adsorbed films, micelles, and/or salted-out particles can be obtained from the measurements of surface tension at high salt concentrations. However, the surface tension of aqueous solutions of ionic surfactants has hardly been measured at high salt concentrations except the studies by Ikeda et al. \[[@CR7], [@CR14], [@CR26]--[@CR28]\]. Ikeda et al. ascribed the breaks on the surface tension vs. surfactant concentration curves even at high salt concentrations above 1 M to micelle formation. On the other hand, Villeneuve et al. \[[@CR29]\] succeeded in clarifying the vesicle formation and vesicle--micelle equilibrium of anionic and cationic surfactant mixture by surface tension. It is therefore of interest to examine how the salting out and equilibrium between micelles and crystalline particles can be elucidated by surface tension.

The aim of the present study is to clarify the miscibility and interaction of SDS with NaCl in the adsorbed film, micelle, and crystalline particle by applying thermodynamic treatment of surfactant mixture to a NaCl--SDS mixture. The surface tension of aqueous solutions of the mixture was measured as a function of the total molality of the mixture and the mole fraction of SDS in the mixture over their wide ranges at 298.15 K under atmospheric pressure.

Experimental {#Sec2}
============

Materials {#Sec3}
---------

SDS (Nacalai Tesque's guaranteed reagent) was purified by recrystallizing it triply from water and twice from ethanol. Its purity was checked by no minimum on the surface tension vs. concentration curve around the CMC. The purified SDS was kept under a dried atmosphere and reduced pressure in a desiccator to prevent its hydrolysis. Sodium chloride is the same sample as that used in the previous study \[[@CR10]\]. It was stored under a dried atmosphere in a desiccator. Water, deionized and distilled, was further purified by distilling it twice from dilute alkaline solution of potassium permanganate.

Measurements of surface tension {#Sec4}
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Equilibrium surface tension was measured by the drop volume technique previously described \[[@CR30]\], as a function of the total molality $\documentclass[12pt]{minimal}
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Determination of solubility {#Sec5}
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The aqueous solutions of a NaCl--SDS mixture became turbid at large $\documentclass[12pt]{minimal}
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Surface tension and aggregate formation {#Sec7}
---------------------------------------
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Miscibility in the aggregates {#Sec9}
-----------------------------

Miscibility of NaCl and SDS in the micelle can be examined by using the mole fraction $\documentclass[12pt]{minimal}
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Since crystalline particles in solutions are coagels of the hydrated multilayers with a stacked bilayer structure in equilibrium with the surrounding solution \[[@CR44], [@CR45]\] and the particle concentration is extremely small at the $\documentclass[12pt]{minimal}
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Comparison between the miscibilities in the adsorbed film and aggregate {#Sec10}
-----------------------------------------------------------------------

The miscibilities in the adsorbed film and aggregate can be compared with each other by use of the phase diagram for adsorbed film--aggregate equilibrium. We have $$\documentclass[12pt]{minimal}
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Equilibrium between the micelle and crystalline particle {#Sec11}
--------------------------------------------------------

Let us consider the micelle-particle equilibrium in solutions in the range of $\documentclass[12pt]{minimal}
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In a future study, we will apply the present thermodynamic approach to a mixture of calcium chloride (CaCl~2~) and SDS in which strong electrostatic attraction is expected between calcium ion and dodecyl sulfate ion in the adsorbed film and micelle, and the salting out will occur at around the bulk molar ratio CaCl~2~/SDS = 1/2.

Conclusions {#Sec12}
===========

The thermodynamic treatment of surfactant mixture has been applied to the NaCl--SDS mixture. The miscibility of NaCl and SDS in the adsorbed film was clarified by the use of the phase diagram of adsorption. Sodium chloride and SDS are immiscible in the adsorbed film at higher $\documentclass[12pt]{minimal}
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The miscibility has been compared between the adsorbed film and micelle by the use of the phase diagrams of adsorption and micelle formation. Sodium chloride and SDS are immiscible in the micelle. The difference in miscibility between the adsorbed film and micelle can be ascribed to their difference in geometry.

The salting out of SDS by NaCl has been clarified by measuring surface tension and treating the formation of crystalline particles in a manner similar to micelle formation. Judging from the phase diagram of aggregate formation, NaCl and SDS are miscible in the crystalline particle. The difference in miscibility between the adsorbed film and crystalline particle is attributable to the interaction between bilayer surfaces in the particle. The miscibilities in the adsorbed film, micelle, and particle coexisting at equilibrium were in the following order: particle \> adsorbed film \> micelle.

The equilibrium between micelles and particles in solutions has been thermodynamically considered by using the composition of micelle and particle at the $\documentclass[12pt]{minimal}
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From the above, the application of thermodynamic treatment of surfactant mixture to the NaCl--SDS mixture is confirmed to be useful.

We apply the thermodynamic treatment of surfactant mixture \[[@CR37], [@CR43]\] to the NaCl--SDS mixture of which the aqueous solutions are nonideal \[[@CR12]\]. The total differential of surface tension can be expressed for the mixture by $$\documentclass[12pt]{minimal}
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The ideal version of Eq. [24](#Equ24){ref-type=""} was derived in the previous studies \[[@CR37], [@CR48]\]. We assume that $\documentclass[12pt]{minimal}
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\begin{document}$$\gamma _{i \pm ,\hat X_{_2 } } \approx 0$$\end{document}$, considering that our measurements range in concentration from 0 to 2.5 mol kg^−1^ for *m*~1~ and from 0 to approximately 10 mmol kg^−1^ for *m*~2~ \[[@CR7]\]. We then obtain from Eq. [24](#Equ24){ref-type=""}$$\documentclass[12pt]{minimal}
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The equations for micelle formation corresponding to Eqs. [20](#Equ20){ref-type=""} and [27](#Equ27){ref-type=""} can be expressed by $$\documentclass[12pt]{minimal}
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\begin{document}$$\hat C$$\end{document}$. Combination of Eqs. [28](#Equ28){ref-type=""} and [30](#Equ30){ref-type=""} and substitution of the total differentials of mean chemical potentials into the resulting equation give $$\documentclass[12pt]{minimal}
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The equations for crystalline particle formation can be derived in a manner similar to micelle formation.
